INTRODUCTION
The great potential of aluminium-lithium based alloys to give materials possessing higher specific strength and higher specific modulus than the currently established aluminium aerospace alloys has led to intense development activity to enable production of the alloys on a large scale.
Virtually all production of the established aluminium aerospace alloys involves the process of semi-continuous, vertical, direct-chill (DC) casting to convert the molten alloy into a solid ingot suitable for further semi-fabrication.
In the DC casting process the coolant (normally water) impinges directly onto the shell of a partially solidified ingot and, if the shell is ruptured, molten metal can "run out" into the direct chill water and reservoir of water in the casting pit.
The safety hazard that this can represent has been recognised for many years and codes of practice have been developed that ensure that run-outs can occur without danger when the conditions of operation conform with the codes of practice.
Given the universal adoption of DC casting (with water coolant) for aerospace aluminium alloys it would normally be expected that any new aluminium alloy Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1987308 for aerospace would be produced by the same process. However, an early note by ~ong(l) suggested that aluminium-lithium based alloys in contact with water were more likely to explode than pure aluminium in the same condition. This warning led to trials by Alcoa and these were reported by ~acob~(*). Essentially this work claimed that violent explosions took place when aluminium alloys containing more than 2% of lithium were poured into water.
These observations, therefore, appeared to have profound implications for the commercial manufacture of aluminium-lithium based alloys and it was felt that it was vital more fully to assess and quantify any particular hazards associated with the melting and casting of such alloys.
The present paper describes several series of tests conducted with 'these aims.
THE TEST FACILITY
The basic test facility was designed for other investigations of molten metal/water interactions and has already been described else~here(~). In brief it consists of a "double-U" bunker constructed from dry-piled concrete blocks containing a tipping rig and observation equipment (Figure 1) . Melting is carried out in an adjacent bay, and the crucible is transferred manually to the tipping rig. Coolant is contained in a tank, in the form of a 300 mm cube fabricated from 6 mm mild steel with a "Perspex" front, which is supported by a Ciba-Geigy "Aeroweb" crushblock. This block deforms during the explosion and the energy absorbed by the block may be calculated from the deformation. "Cordtex" explosive cord and a detonator were usually taped to the side of the coolant tank to provide an external mechanical impact initiating event. Normal safety precautions are observed. All people were undercover during a test, the last person to leave the test bay withdrawing a locking pin which prevented the crucible moving prematurely. The explosive firing circuit was locked until ready for use, when it was unlocked and connected to the timed firing circuit.
The Conduct of a T e s t
When the tipping rig, crushblock and coolant were ready and the "Cordtex" had been attached to the tank, the crucible of melt, at about 100'C above the selected dropping temperature, was removed from the furnace and clamped in the tipping rig.
When all people were in the remote control room, the temperature of the melt was measured with a dipping thermocouple, operated from the control room and observed by CCTV. When the temperature had fallen to the chosen value, the thermocouple was raised and the firing button pressed. This activated the timing unit which at pre-set intervals removed the lid from the coolant tank and released the drop arm, by pneumatic valves. This allowed the arm to pivot, rotating the crucible and pouring the contents into the coolant. After the appropriate delays, the timing unit then sent pulses to start a camera, to ignite a train of flash bulbs, and to fire the "Cordtex".
Not every facility was used in every test, but it was usual to take a visual record on a video tape, which was left running throughout the test.
RESULTS

T e s t s w i t h Water as C o o l a n t
Earlier work(3) on molten metal/water explosions has demonstrated the importance of some kind of detonating, or trigger event to produce a shock wave leading, in turn, to an explosion. While this detonation event may o c m r spontaneously it has been found in experimental studies that it is desirable to be able artificially to trigger the explosion.
Nevertheless, a number of tests was made without any external trigger in order to assess whether there was any dramatic change in the susceptibility to explode as a consequence of adding lithium. In no case was an explosion observed. The tanks used had received two fresh coats of paint. Laboratory tests showed that the 'Rustoleurn' paint deteriorated rapidly under the alkaline conditions produced by the reaction of the quenched alloy with water, and tanks, even when undamaged, were never used twice without repainting.
The weight of metal
As with aluminium, the first step was to confirm that the energy yield in an explosion was a function of the weight of metal poured. The results ( Figure   2 ) are more scattered than those for commercial purity aluminium but this might be expected as the lithium content of the melts varied slightly. There is, however, no reason to doubt the proportionality between Energy Yield and the weight of sample.
Influence of lithium content
A series of binary aluminium-lithium alloys, with the lithium content varying from 0 to 5% in steps of 0.5% was prepared and tested. The violence of the resulting explosion increased with the lithium content, to an extent that made it unwise to carry the tests beyond 3%.
The results, plotted in Figure 3 , indicate a clear exponential relation between the energy yield and the lithium content, determined by analysis.
General observations on the lithium alloy tests
Having demonstrated quantitatively the increased violence associated with the presence of lithium, a number of subsidiary observations was made, in order to gain background information.
The general character of the debris resulting from a lithium alloy drop was significantly different from that produced by commercial purity aluminium (or other non-lithium containing alloys) which formed an expanded coherent "popcorn" structure Figure The surface of the solidified aluminium was bright, whereas that of the lithium alloy was dull grey to black, and pitted by reaction with the water. Often this reaction continued even though the metal had cooled and the tank filled with a stable aluminium hydroxide foam. High speed photography showed that this appearance was developed within one frame -half a millisecondand was apparently accompanied with the evolution of quantities of gas.
It was also noted that the lithium alloy had solidified within 50 cm of entry, whereas in a similar test commercial purity aluminium was recovered as a solid block, remaining molten while falling 120 cm through water.
These observations are somewhat at variance with the results of timed triggers. It was possible to delay the firing of the "Cordtex" trigger by a known time after the tipping arm had been released. With commercial purity aluminium, explosion only resulted from delays between 0.8 sec., corresponding to the melt entering the coolant, and 2.0 sec., corresponding to complete solidification and there was little significant variation between these limits. The lithium alloys also showed no explosions below 0.8 sec., but showed an exceptionally high (3x) energy yield at 1.2, returning to the critical value over the range 1.4 -1.6 seconds and then dropping to less than half at 1.8 seconds. They did not, however, drop to zero thereafter, but fell only slowly, weak explosions being observed even with 4.0 seconds delay.
It is possible to reconcile these observations with the photographic evi'dence if it is remembered that some part of the lithium alloy is in the form of relatively bulky drops. These will cool only slowly, so that although about half the metal will solidify more rapidly than commercial purity aluminium, the solid shell on the thicker particles will contain regions which remain molten for a much longer period.
Results with Alternative COolil~SYs
Explosions when molten metal and water mix derive because of the rapid generation of steam following some kind of detonation event.
While the latter is by no means fully understood the collapse of steam bubbles has frequently been postulated as a probable source of the shock wave that appears to be a necessary pre-cursor to an explosion. Thus substituting any coolant with a higher boiling point than water is likely to lead to a reduction in the explosion hazard, while any change in the nature of the coolant that reduces the likelihood of bubble collapse may also reduce the likelihood of explosion although not, perhaps, affecting the energy release if an explosion does occur. Accordingly, it seemed appropriate to extend the explosion trials to include:
alternative organic coolants, and (b) industrial quenchants, such as polyalkalene glycol, which reduce quenching distortion when heat treating solid compbnents by modifying the local boiling behaviour of the solution.
Tests with industrial quenchants
In the light of the above considerations some tests were carried out using industrial quenchants, notably the polyethyleneglycols marketed under the name "Aquaquench". Aquaquench 251 strongly inhibited the explosions with commercial purity aluminium, a 10% solution reducing the energy yield to one quarter, and the 40% solution (the concentration recommended to minimise quenching distortion without serious reduction in quenching rate) preventing any explosion. The additive had, however, no effect on the explosions with the lithium alloy, indeed the 40% solution was somewhat more violent than usual, though no significance is attached to this.
Tests with organic coolants
Although the use of commercial quenchants did not suppress explosions with aluminium-lithium based alloys the effect with pure aluminium was very marked and it therefore seemed worthwhile to investigate the effects of using pure (water free) organic coolants.
Tests with pure aluminium and a range of organic coolants are described, in detail, (4) elsewhere. However, Figure 5 summaries the results for the alcohols.
Detonation with Cordtex was employed in all these tests. Explosions resulted with all the coolants used, the energy released being substantially higher than that with water for the lower boiling point alcohols. At equal sub-coolings the alcohols as coolants result in about four times the energy release ;obtained with water because water has an anomalously high thermal conductivity in the liquid state.
However, with ethylene glycol the sub-cooling that can be obtained is, of course, several times that reached with water so the energy yield in reduced compared with water.
Thus with aluminium the use of a high boiling point alcohol as coolant can reduce the energy released in any explosion but it does not eliminate the possibility of explosions.
?he tests with the different alcohols were then repeated using a series of aluminium-lithium based alloys with progressively increasing lithium content And Figure 6 shows the results wfth ethvlene ~lvcol.
When the lithium alloy was poured into ethylene glycol, with or without a trigger, there was strong evidence of chemical reactton. The surface of the alloy was covered with a black, adherent deposit, and the glvaol became a brownish black so dense as to be almost opaque. No solids separated when this discoloured material was stored for a month.
It is known that glycols will react with alkali metals, losing the elements of water and giving either hamless, involatile linear polymers -the polyethyleneglycols -or volatile, poisonous cyclic dimers -dioxgns, It is clear that the products of these reactions had undergone further pyrolysis 04 the hot metal to produce high molecular weight products which could not easily be analysed.
The nature of the debris resulting from pouring aluminium-lithium into ethylene glycol is indicated in Figure 7 . As well as being blackened by the chemical reaction the nature is somewhat changed from the "beads and qeedles" formed in water, the surface area being increased, although remaining less than that of pure aluminium poured into ethylene glycol under the same conditions.
In detonated tests, the lithium alloy exploded, though with much less violence than did aluminium.
Even 0.6% Li reduced the energy yield considerably, and produced the characteristic blackening ~f metal and coolant. Around 1.5% Li, the energy yield was reduced still Iurther, being sufficient only to crack the "Perspex" front of the coolant tank. Thereafter the energy yield started to increase with lithium content, 'and at 3.5% The results were similar to those with 0.6%.
DISCUSSION Energy Yield in Molten AlumfniunrLithfum Alloy Explosions
It is clearly established that if aluminium-lithium based alloys explode when poured into water they do so more violently than does aluminium. The aluminium-lithium based alloys react rapidly with the water, evolving hydrogen which often catches fire and burns, and are cooled, at least in part, more rapidly than is aluminium.
The energy yields resulting from explosions are an exponential function of the lithium content.
The theory of melt-coolant interactions put forward by Alexander, Chamberlain and Page ( 3 ) leads to an exponential dependence of the energy yield on the melt temperature.
At constant melt temperature, as studied here, the exponential index depends on the duration of the fragmentatton, on a constant of proportionality, and on a heat transfer coefficient. ~o x l e~ ( 5 ) has measured heat transfer coefficients from molten metals, including aluminium, and finds little variation between metals.
The thermal conductivity of molecular hydrogen is slightly over ten times that of water vapour at 100"~, so that the presence of even small amounts of hydrogen in the vapour blanket will raise the conduction of heat through the blanket and increase the heat transfer coefficient markedly.
How much hydrogen is present is difficult to assess. Visually, hydrogen is evolved in quantities sufficient to burn in air but over a time-scale measured in seconds or even minutes.
The reaction of water vapour in the established vapour blanket with the metal surface may be estimated from kinetic theory and turns out to be rather low -certainly not fast enough to raise the hydrogen concentration to more than a few percent in the milli-seconds available.
It is, however, implicit in the theory of melt coolant interactions that the energy released is evolved in the creation of a vapour blanket from metal and coolant in contact. Under these circumstances, the rate of formation will be much higher, and will be a function of the lithiuq concentration.
All the experimental evidence which has been gathered is consistent with a model in which the creation of fresh surface, following a trigger shock, is accompanied not only by the boiling of coolant to form a fresh vapour blanket, but also by chemical reaction between the liquid coolant and the metal, at a rate proportional to the concentration of lithium, to contribute substantial quantities of hydrogen to that vapour blanket, raising the heat transfer coefficient proportionally and thereby raising the energy yield exponentially. Some attempts to check this hypothesis by dropping reactive alloys such as aluminium-calcium into water, or aluminium into alkali failed to produce conclusive evidence for, or against it. It is, however, known that the addition of small quantities -of the order of 10% -of volatile materials to the wat-er does weaken the violence of the explosion, and this could be held to demonstrate the inverse of the hypothesis, since the thermal conductivity of the vapour blanket will be lowered by these materials.
The Sensitivity of Lithium Alloys
The dangers associated with any process depend not only on their magnitude, but also with the ease with which they are incurred. It has been found that the magnitude of the trigger needed to produce an explosion with aluminium may be assessed by varying the length of "Cordtex" used. Commonly it has been found that there is a length which will not produce an explosion, whereas 3 cm more will always produce one. The lengths of "Cordtex" required to produce an explosion are shown in Figure 8 where the bars that are plotted indicate the separation of lengths that do from lengths that do not act.
It should be noted that an electrical detonator (energetically equivalent to 10 cm of "Cordtex") was used in every case, so that a length of zero means detonator alone. The length required to produce an explosion with aluminium decreases as the melt temperature is increased which is surprising, as the vapour blanket would thicken and presumably become less easy to deform.
The corresponding results for the aluminium-lithium alloy lie below .the line at all temperatures tried, suggesting that it is not only more explosive but also more sensitive.
The line is much more steeply inclined than for aluminium and would appear to cross it at about 800°C. These results have not been analysed further but it may be pointed out that had the measurements been referred to the superheat, and not to the actual temperature, the alloy line would have been raised by 20°C, implying that the alloy was less sensitive than aluminium if the superheat was greater than 120°C.
Some attempt was made to correlate the peak pressure in the water, measured by a hydrophone, with the length (L) of "Cordtex" used. There was some variability, depending on whether the "Cordtex" was in one length or two ( Figure 9 ) and therefore no allowance has been made for the detonator but the peak pressure P is given reasonably well by: so that the lithium alloy would be triggered by a peak shock pressure of 8MNmm2, or 80 atm.
It appears that although glycols are in no way to be considered as abnormal as general coolants, they do have some peculiarities when used as coolant with aluminium-lithium based alloys and consideration of the observations suggests that two processes are operating, both stemming from the chemical reaction with the coolant:
(1)
The lithium attacks the hydroxyl groups of the glycol, liberating hydrogen at a rate dependent on the lithium content. This will cause the energy yield to increase as it did with water. (2) This same chemical reaction produces a blackened surface "skin" on the melt, which effectively prevents the fragmentation process producing fresh surface, and therefore limits the Energy Yield. This process is effective even at low lithium concentrations, but once operative, does not depend on that concentration.
CONCLUSIONS
The observation that molten aluminium-lithium based alloys can explode more violently with water than other aluminium alloys has been confirmed.
The energy release, if an explosion occurs, increases exponentially with lithium content.
Under the conditions employed no spontaneous explosion detonation was observed.
Use of organic coolants does not eliminate the possibility of explosion. However, if the sub-cooling is high the energy release can be considerably reduced relative to water.
When the alloy contains lithium the energy released in any explosion with ethylene glycol as coolant is reduced to a low level with lithium contents between 0.6% and 2.5%. At higher and lower lithium contents energy yield increases.
The evidence concerning likelihood of explosion when molten aluminium-lithium runs out into water is not conclusive.
It is suggested that the increased energy yield resulting from molten aluminium-lithium alloy/water explosions is largely a consequence of the efficiency of heat transfer between the metal and water being significantly increased by the presence of hydrogen. The reduction of energy yield when the coolant is ethylene glygol is believed to derive from reaction between alloy and glycol forming a protective coating on the surface of the alloy and inhibiting heat transfer. 
